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(57) Abstract' 'ilic ptesisot invention includes a device and a metliod for fabricating a device that is an optical power mode trans- 
fonner that accepts light in a mode transformation direction whm the tiansfomier is attached to or embedded in a semicondactor 
microchip and includes a first single or multimode optical input (SM) waveguide inchsding a first core surrounded by a cladding, and, 
a second high contrast index grade (HQ waveguide including a second core having a tapered region and surrounded by said cladding, 
a portion of the tapered region of the core being embedded within the first optical input waveguide region with an embedded length 
sufficient for efBdent light transfer from the first input waveguide to the said second waveguide wherein the embeckied portion of 
the tapered region is fiilly surrounded by the first input waveguide along an axial and^radial cross-section of the second waveguide in 
the mode transformation direction. In this manner, it is possible that the long (SM) waveguide eventually actually acts as a cladding 
for the (HC5 waveguide. 
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High Efficiency Optical Mode Transformer for 
Matching an Optical Single or Multi-mode Fiber 
with a High-Index Contrast Planar Waveguide 
on a Semiconductor or Dielectric Microchip 

CLAKM TO PRIOBTTY 

Applicants hereby claim priority under all rights to which they aie entitled under 35 
U.S.C Section 119 based upon the Provisional AppUcadon Ser. No. 60/280,935 for 
this Patent Cooperation Treaty (PCT) patent plication (USPTO receiving office) 
med at the United States Patent and Trademai^c Office on April 3, 200L 

FIELD OF INVENTION 

This invention relates to the transferal of optical power ftom a single mode (SM) 
optical fiber into a much smaller, high-index contrast (HQ waveguide. HC 
waveguides are desirable for nui^g ultra-compact optical circuits on a 
semicondactor or dielectric microchip. These waveguides consist of cross-sectional 
dimensions that are much smaller than conventional SM fibers. Directiy connecting a 
SM fiber to aHC waveguide is quite impractical, as the result would be poor or 
insufficient optical power transfer. This optical power transfer is more commonly 
desadbed as coupling efficiency. To efficiently couple two waveguides with very 
different cross-sectional dimensions resulting in different '*q>ot sizes'' (which refer to 
the size of tiie spot illuminated by light transmitted through the waveginde onto a non- 
illuminated area) , some sort of mode transformer is required. The mode transformer 
of tiie present invention essentially acts as a fimnel for capturing, focusing, and 
transmitting the optical signal without sigmficant power loss by **neddng down" 
fiom a wide area spot to a small area spot Robust realization of such transformers has 
not been easily ac^eved nor has it be^ straight forward for planar &brication 
technology. 



BACKCOIOUND OF THE INVENTION 
I, Field of the Invention 

The invention relates to Ihe field of semiconductor and dielectric optical continents 
used for optical transmission or optical digital data processing. It pertams especially 
to all optical components comprising active and/or passive waveguides and also to 
single and multimode fibers, for example components such as semiconductor lasers, 
semiconductor an5)lifiers, modulators, and wavelength filters, to name a few. There 
is a great deal of ongoing research and development effort to reduce the cost of 

optical modules wh^^** maintAinirig the mitiitnniy^ Ingg nf optical pow^. A major 
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component of the febrication costs usually arises fix>m the joining of sudi components 
to optical fiber, as for example when it is necessary to couple optical modes of very 
different sizes. Thus, when a laser and a flat-end single-mode optical fiber are joined 
togettier, the optical mode of the laser or a high-index contrast (HC) guide spot size 
with a diameter oi^ for example 1-2 um, has to be coupled with the optical mode of a 
single mode (SM) optical fiber whose diameter is fer greater, for example in the range 
ofS-lOumu 

To enable the coupling of these optical modes of very different sizes, spot-size 
converters or mode transformers are made in order to increase the size of the mode at 
the output of the optical component and make its profile compatible with that of the 
mode guided in the optical fiber. The reverse can also be accomplished to decrease 
the size of the mode fix)m a single mode (SM) fiber to a hi^index contrast (HQ 
waveguide. However, this mode matching must be done while preserviiig the 
perfi3rmance chaiacteristics of the component 

For instance, in connecting a SM fiber having a mode spot size of 8 pin, to a HC ^ 
waveguide having a spot size of 1.5 pm, over 90% of the power is lost Such loss is 
intolerable in optical communication systems. Figure 1 shows tiie relative sizes of the 
modes (field patterns) of a conventional SM fiber (100), and that of a HC waveguide. 
(110). The SM fiber spot size is typically 5-lOnm which is as much as an order of 
magnitude greats flian that of an HC waveguide - typicaUy 1 -2Mm . 

When transforming the modes between two waveguides wifli different refi:active 
index and/or core sizes, hi^ coupling loss arises due to the difference in mode size, 
shape, and mode velocity. For example, tiie index difference and the mode size of a 
fiber optic waveguide are different than those of a hi^ index differmce planar 
waveguide, resulting in hi^ coi5)ling loss when the fiber optic waveguide and the 
high index difference planar waveguide are directly coi?)led. 

A channel waveguide is a dielectric waveguide whose core is surrounded by a 
cladding that is comprised of niateriak wi& refiactive i^ 

core, and wherein the peak optical intensity resides in the core. Waveguides in genial 
can be defined by other geometries as well Ahigh index contrast (HG) waveguide is 
defined as one where the core cladding index contrast is larger liiah that of a typical 
single mode fiber (tiiat is, largo: than qjproximately 1%). HC waveguides also 
typically have mode field diameters that are smaller tiian tiiat of a single mode fib^ 
by a factor of two. 

In optical components, it is essmtial to have low coi?)ling loss whsa attaching a fiber 
to a microchip. To eflBciently couple two waveguides witii very different dimensions 
and therefore two different spot sizes, some sort of mode transformer is required. As 
shown in Figure 2 , the mode transformer essentially acts as a fimnel, necking down a 
wide area spot fiom the SM fiber (200) to a small area spot associated with the HC 
waveguide (220). Figure 2 depicts the fimctionality of such a mode transformer (210) 

A mode transformer between two different waveguides is an essential part of an 

optical . 1 J • 

system where flie lightwave (mode) &om one optical conqponent is coiqpled mto 
another component In optical commtmication, a mode transformer between an 
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optical fiber waveguide and a high mdex difference (difference in the refractive 
indices of core and cladding) planar waveguide is crucial for successful 
implementation of planar li^twave circuits (PLQ in fiber communication. 
Therefore, developing an efficient mode transformer between two waveguides has 
continued to be a siibj ect of intense research. 

hi addition, the core mdex of the fiber optic waveguide is lower lhan tiiat of Ihe hi^ 
index difference planar waveguide causing a mode velocity difference between two 
waveguides. As will be detailed in flie Detailed Description section, when sudi a 
change in mode properties takes place too quickly, high power loss arises. 



2. Prior Art 

There have been several otha: approaches to achieve efficient mode coupling between 
two waveguides with different index difference, including mode transformation by 
tapering the dimension of high index difference waveguides. Mode transformation by 
a tsqper has been shown in various publications. Over the tapering region of the hi^ 
index difference waveguide, the thickness or width of the waveguide core is gradually 
tapped down from that of the normal guiding region to a lower thickness or width. 
As the mode travels firam Ae normal guiding region of the high index difiference 
waveguide into the t^mng region, the mode experiences decreasing amount of the 
core material. The fraction of the mode field distribution that exists outside the core 
material increases, changing the mode size. The indCTofthe waveguide that the 
mode experiences is effectively changed by the presaice of the tspex:. M other words, 
the "effective index*' is gradually changed by the taper. By gradually changmg the 
effective index from that of the low index waveguide to tiiat of the hi^ index 
difference wavegmde, the mode coupling can be achieved between two w 
without high loss. The mdhod to determine the effective index is described in 'The 
Handbook of Photonics", Boca Raton, Fla. CRC Press, 532-535 (1996) by M. Gupta. 

T. Brenner et aL C*Integrated optical modeshape adapters in InGaAsP/hiP for 
efficient fiber-to-waveguide coupling,'' TREE Photonics Tech. Lett. Vol. 5, No. 9, 
1993) show a mode transformer using a vertically tiered high contrast waveguide. 
Vertical tiering uses special etching techniques that are not well controlled and 
therefore difficult to manufecture. Also the vertical tqier shape cannot be arbitrarily 
specified, but is more a fiinction of etching characteristics, rather than design. The 
mode size propagating in the ta;>ered region increases due to the reduction of flie 
effective index, and thus the reduction ofthe effective index difference. The 
publication indicates the gradual mode transformation occurring in one waveguide 
due to the presence of at^er. 

U.S. Pat No. 5,199,092, issued to Stegmueller et al. shows the cc : , 
between two dijBGOTent waveguides: one broad and one narrow. The : ^ ies 
run parallel to one anoth^ and are superinqposed with eadi other to pi 
superimposing waveguide guidance. During tiie siq)erimposed waveguide guidance, 
one of tihie two waveguides is tapered down in vertical dimension, while the other 
waveguide dimenaon is kq)t constant The role of the tiered waveguide is to 
provide a gradual effective index diange, and thus mode transformation, in the same 
manner as the cases cited in journal publications including that by Brenner et aL The 
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differaace is the superimposition of the nanow waveguide, providing waveguiding in 
ttie broad waveguide once the narrow waveguide is completely terminated by tixe 
vertical taper. The broad waveguide is surrounding the narrow waveguide oyer the 
whole waveguiding distance. The presence of the broad waveguide hel^ guiding the 
mode once the mode transformation is complete. 

In addition to single taper devices described above, dual t^ers are used in mode 
traiisfimnation between two different wavegm lEEB Photonic Technology 
Letters, VoL 7, No. 5, May 1995 by Zengerle et al., rqports a mode transformer 
having two channel waveguides, each with a tjqper, one sitting on top of the other. 
Electronics Letters, Vol. 29, No. 4, FeJiruary 1993 by Schwander et aL, reports a 
mode transformer having two rib waveguides, each wiHi a taper, a portion of one 
embedded within the other. Both ofthe rib waveguides used in the art are we^y 
guiding. This is not a suitable mefliod for mode transformation to or from a hi^ hidex 
differaoLcewavegqide. . 

Y. Shani et al. C*Efificient coupling of a semiconductor laser to an optical fiber by 
means of a tapered waveguide on silicon**, AppL Phys. Lett voL 55, No. 23, 1989.) 
describe a mode transformer using a taper embeddwi within a second larger 
waveguide. Their t^er is however adiabatic. In that case the taper was wedge shaped 
0inearly tiered) and very long in ord« to make use of the adiabatic mechanism. The 
tq>er is reqpiired to 

also come down to a sharp point, which makes it almost impossible to perform in a 
lithogr^hic process. 

B. M. A. Rahman et at CTmproved laser-fiber coupling by using spot-size 
transformer" *, IEEE Photonics Technology Lett Vol. 8, No. 4, 199^ describe a mode 
transformer usmg two synchronously coi^led waveguides, where one guide is a 
smaller high contrast guide and the other has a spot size ^)proximatmg the size of a 
fiber mode. Their mode transformer does not use any mode evolution process, and the 
coupling is not terminated, causing coiq)ling to periodically transfer betweoa flie two 
guides indefinitely. 

G. A. Vawter et at {"Tapered rib adiabatic following Sber couplers in etched GaAs 
matOTals for monolithic spot-size transformation,** lEEB L Selected Topics Quaitum 
Electronics, Vol. 3, No. 6, 1997) show an adiabatic coupler fix)m one waveguide to 
another where the high contrast waveguide is on top of the larger fibor-matdbied 
waveguide. 

Variations of the above types of mode transformers can also be found in several 
review articles, including that by L Moerman et al. (A review of fiihrication 
technologies for the monolitiiic integration of tapers with lU-V semiconductor 
devices,** IEEE L of Selected Topics Quantum Electronics,** Vo. 3, No. 6, 1997) 
which summarizes primarily dual type waveguide tspering. 

In USP 6253009 entitied " SEMICONDUCTOR OPTICAL COMPONENT 
COMPRISING A SPOT-SIZE CONVERTER*', the invention relates more 
particularly to a semiconductor optical conrponent, comprising an active waveguide 
and a passive waveguide that are supmrnposed and buried in a sheathing layer, 
wherem the component conq)rises successively: a dainped coi?pling section in which 
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the wid& of the active waveguide tapers down and fht width of the passive 
waveguide increases, and a mode expansion section comprising only Hhe passive 
waveguide whose width tapers down. According to anoth^ characteristic of the 
invention, &e conq>onent furthermore conoprises a transition section positioned 

5 between tibte danoped coupling section and the mode expansion section, in which the 
width of the active waveguide tsqpers down to 0 um. The invention enables the 
malring of an Optical con9)onent comprising an integrated spot-size converter, 
wherein the optical mode is chiefly deconfined in tiie passive quide so much so that 
the cuiient threshold and tiie efBciency of the component are not affected. The 

10 passive and active waveguides are not aligned but they are coiq)led vertically, so 
much so that the problems related to aligum^t are prevented. Furthermore, the two 
types of active and passive waveguide may be optimized separately. 

In USP 6130969 entitied^inGHEFHCIENCYai^^ a 
15 hi^y efBcient channel drop filter employs a coupling element including a resonator- 
system between two waveguides, which contains at least two resonant modes. The 
resonator-system includes one or more interacting resonant cavities which in addition 
to being coiq>led to the waveguides, can also be coiqpled directly among themselves 
and indirectiy among flianselves via the waveguides. Each component of the 
20 coiqpling element can be coiifigured or adjusted individually. The geometry and/or 
dielectric constantA^fiactive index of &e resonator-system are configured so that the 
fiequencies axid decay rates of the resonant modes are made to be substantially the 
same. The filter can achieve 100% signal transfo: between the waveguides at certain 
firequencies, while completely prohibiting signal transfer at other firequendes. In the 
. 25 inventicm shown, the filter is configured with photonic crystals. In accordance with 
alternative embodiments of the invention, there are provided channel drop filter 
devices with flat-top and straight-sidewaUlineshsqpe characteristics^ These lineshape 
characteristics are realized by usmg several resonance to couple the waveguides, and 
by designing the relative position with respect to one another. 

30 

IhUSP 5682401 entifled "RESONANT MIC310CATIVIBS EMPLOYING ONE- 
DIMENSIONAIXY PERIODIC DffilBr^ tiie invention 

provides a resonant microcavity which includes a periodic waveguide, and a local 
defect in the periodic dielectric waveguide which accommodates spacial confinement 
35 ofradiationgenmted within the waveguide around &e defect. The inventive concept 
also provides a method of enhancing radiation confibaement widiin a resonant 
ndcrocavity and minimizing radiation losses into an associated substrate, the 
microcavity configured within a periodic confinement, the method including the step 
of increasing the refractive index contrast between the microcavity and the substrate. 



In USP 5229883 entitied *THYBRID BINARY OPTICS COLUMATION FILL 
OPTICS" the invention relates generally to means for collimating, aberration 

45 correcting, and angularly ahgning the output of a diode laser array, a more 

particularly to a combination of a cyhndrical lens and a pair of binary optical elements 
which are optimized to coUimate, sd^erration correct, and align the individual diodes 
or a diode laser array such that each individual diode fills its aperture. Here, a 
cylindrical lens and a binary optical element for collimating with low optical 

50 aberrations provides an asynametrically diverging input wavefix>nt The binary optical 
element is formed on a planar substrate on which a binary optical difi&action pattern is 
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etched on tiie front surface thereo£ The binary optical diffraction pattern is designed 
such that each ray of light from the diverging ii5>ut light source will travel the same 
optical path length or vary from that optical path length by an integer multiple pf the 
wavelength of tiie light traveling from its source to its exit from the front surface of 

5 the binary optical element Abeamanglealigmnent element is also provided, to be 
utilized in conjunction with a cylindrical lens and the binary optical element, for 
correcting angular misalignments of diode lasers whose ou^ut wavefiont has an 
optical axis vMch is dther above or below ttie plane in which the active region is 
formed. The beam angJeaUgnment element is also a planar substrate on which a 

10 binary optic diffraction pattern is ^ed. The binary optic diflfraction pattern of the 
beam angle ahgnment elements diEfracts the wavefront exiting from flie binary optic 
element so as to align the wavefront about its optical axis. The cylindrical lens, the 
binary optical element, as well as tiie beam an^e alignment element may be used in 
corgunction with a single diode lasing element, as well as a one dimensional or a two 

15 dimensional laser array. 



In USP 6198860 ^titled "OPTICAL WAVEGUIDB CROSSINGS^ the invention 
relates to the field of optical waveguide crossmgs. In constructing integrated optical 

20 circuits, space constraints and the desire to operate on multiple input waveguides 

often necessitate waveguide crossings. It is crucial that the crossings be as efficient as 
possible. A typical i?q)Hcati<m is optical switching, where a large num 
are directed to as many outputs, and crossing is necessary in order for each ii^ut to 
connect to every output SimpUdty of fiibrication on small length scales means that 

25 the waveguides must actually intasec^ and cannot sin5>ly pass over one another. 
Any additional three-dhnensional stnicture adds considerable manu&ctoring 
difficulty. 

the invention includes an optical waveguide structure, a first waveguide, a second 
waveguide that interaects with the first waveguide, and a photonic crystal resoiiator 

30 system at the intersection ofthe first and second waveguides. In accordance with 
another embodimOTt there is provided an optical waveguide crossnig structure 
including a first waveguide that propagates signals in a first direction, a second 
waveguide tiiat intersects with flie first waveguide and propagates signals in a second 
direction, and a photonic crystal crossing region at the intersection ofthe first and 

35 second waveguides that prevents crosstalk between the signals ofthe first and second 
waveguides. In accordance with another anbodiment ofthe invention th^e is 
provided an optical waveguide structure including a first waveguide, a second 
waveguide, and a resonator system at the intersection ofthe first and second 
waveguides, the intosection possessmg a first minor plane that is parallel to tiie first 

40 waveguide, ttie resonator system sc5)poTting a first resonant mode that includes 

different symmetry with guided modes m the first waveguide with respect to the first 
mirror plane, the resonator systmi subi?*^'^*''''^r reduces crosstalk from flie second 
waveguide to said first wave. 

45 Additional approaches have been envisaged ; onfining ofthe optical mode of 

a component Another method known as butt coupling that enables the co\q)ling of a 
passive waveguide with an active waveguide is very common today. This method 
consists, in a first stage, in achieving the growth, on a substrate , of a first layer 
constituting the active waveguide formed for exaiiq?le by a quaternary material and in 

50 burying Ms layer in a sheathing layer constituted, for example by haP. These two 
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layers are then etched locally according to a staodard etching method on a zone 
reserved for the integration of a passive type of waveguide. An epitaxial regrowth 
operation is performed to make this passive waveguide. For this purpose, a layer of 
quaternary material capable of acting as tiie passive waveguide, is deposited on the 
substrate in the zone that is locally etched beforehand. Then it is buried in a sheathing 
layCT made of an InP for example. The structure of the active waveguide is different 
from that ofthe passive waveguide. The coiqphngintaface between the two types of 
waveguides is called a butt joint Furthermore, to enable the deconfining ofthe 
optical mode, &e thickness of flbie passive guide tapers evenly all along the passive 
section 

This method of manuJBicture is fully mastered at flie present time. However, it 
requires an additional step of etchmg and epitaxially regrowth, tims giving rise to an 
increase in the cost price ofthe componenL Furflieraiore, for ahgning tiie active and 
passive guides, the aligoment tolerance values remain low. Although the technique of 
butt coi5)ling is well mastered, it remains a diflicult and extremely unportant step. 
This method is relatively complex to implement and entails costs that are still high. 

One olhor metiiod known as the method of selective q)itaxial growth, has been 
consid^^ In tins method, the conqposition of a waveguide is made to vary 
continuously, to make it graduafly go from an active waveguide state to a passive 
waveguide state . The selective giov^ ofthe material constituting flie waveguide is 
achieved on a substrate by tiie use of two dielectric masks, made of siHca (Si02) or 
sihcon nitride (Si3N4) for example, placed side by side. The spedes under tiie 
growth do not get deposited on tfiese masks, and a phenomenon of difBision of 
species under growtiii is created. The shape ofthe masks is determined so that flie 
phenomenon of diflEiision ofthe species is pronounced to a greater or to a lesser 
extent, dq>ending on the regions of tiie waveguide that are coiisidere^ Justasmlhe 
butt coupling mdhod, the thickness ofthe waveguide m the passive section tspets 
down in order to permit the deconfinement of tiie optical mode, therefore the 
incTfi^g|>g of its size. The optical guide is furthermore buried in a sheathing lay^. 

This method has the advantage of comprising only one epitaxial step. However, it 
cannot be used to optimize the two waveguides, namely the active waveguide and the 
passive waveguide, separately. This means that it necessitates comprornises. 
Furtheraiore, this method does not enable a clear definition of the boundary between 
the two types of guides, active and passive, because the diange in state is gradual 
The fiwt of not being able to define this boundary causes penalties because it is 
difficult to know where to position the electrode necessary for the operation ofthe 
component This electrode must indeed be positioned above the active guide to 
ensure efficient operation ofthe component By contrast, if it covers a part ofthe 
passive guide, electrical leaks are created that penalize and degrade the threshold 
current, efficiency current and efficiency parameters. 

None ofthe prior art provides for an efficient mode transformation between a low 
ind^ difference and a high index difference waveguide on a microchip. This 
invention discloses, for the first time, an efficient optical mode transformer based on a 
taper design, usefid for transforming the mode to a high index difference waveguide 
on a semi-conductor microchip. The matching ofthe optical mode according to the 
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invention is perfoimed chiefly in fhe HC waveguide that is embedded on flie 
senuconductor nncrodbip. 



BBIEF DESCRimON OF THE DRAWINGS 

Figure lis a diagram comparing the spot size ofa: single mode (SM) optical fiber 
witiia high index (HQ grade waveguide spot size. 

Figure 2isa<fiagramiUustradngthefimctionalpurposeof amodetra^ 
in transition between llictaiidem of a singjie mode optical 
grade waveguide. 

Figure 3 is a sdieoiaticiUustration of atop-down view offlie waveguide axiaii^ment in 
fhe mode transfomKer. 

Figures 4 (a) - (d) illustrates cross sectional slices along four sepamte locations of tbe mode 
transfomier beguming at the lE^ut guide. 

Figure 5 is a p«:spective view that conibines tiie schematic iOustration of Figure 3 wiGh tiie 
cross-^sectional slices of Figures 4(a) - (d). 

Figures 6(a) and (b) are schematic cross-sectional and top-down, respectively, of schematic 
views of a mode transformer with specific material and optical parameters* 

Figures 7 (a)-(d) show the optical field in the mode transforme of various slices of planes 
with numeric labels coniespoding to tiie dashed lines hi Figu^ 

Figure 8 shows ftetx^ down view of a specific tq[»er of an optical mode transformer used in 
flie present mvmtion. 

Figure 9 is a plot of tibie ecq)erimental results of ah actual optical mode transformer of tiie 
present invention illustrating optical loss of tiie mode trcinsfonner as a: fiinction of tip widfli 
for various tq)er shapes. 

Figure 1 0 is a schematic representation of the febdcation steps requhred for fidxrication 
of an optical mode transformer with an onchip HC waveguide that has a fimdamental 
mode with a spot size matching that of a SM fiber. 

DETAILED DESCRBPTION OF THE INVENTION 

The following description will fiirther help to €:q)lain tixe inventive features of the 
High EflBdency Optical Mode TraMfi)nner fta: Matching a Singje Mode Fiber witti a 
High-Index C^nbrast Planar Waveguide on a nncroch^^ 

The approach used in this invention is to separate the problem into two steps wit^ 
objectives. The first objective is to get optical power from the SM fiber onto the chip (but not 
into the HC guide) with the highest possible efficiency. Once hig^ efBcieacy connectivity and 
optical power transmission is established onto the dnp, power is then transferred into the HC 
waveguide via an on chip mode tratisfbrmer. 
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A largp planar waveguide is fiabricated on the chip for the purpose of obtaining maximum 
coupling ejEciency from a fiber to a specific structure on the chip. The dimensions of the 
large waveguide are chosen so as to achieve maxinTum coupling efficiency- Tins waveguide is 
referred to as a fiber-matched waveguide. An optical mode transformer on the chip flien 
5 converts the optical power in the fiber-matched waveguide into the HC waveguide. 

For the present invention, the onchip fiber-matched vraveguide has a fimdamental 
mode mth a spot size inatchiiig that of a SM fiber. This fiber-miatched waveguide can 
be single mode (SM) ormultimode (MM) with an index of refiraction that is arbitrary. 
10 However, the fiber-matched vmeguide core index of reflection (t^ must be lower 
than the index ofrefiraction of the HC waveguide (nHc), such timtni<jiHc- When 
such a change in mode properties takes place too quickly, higih power losses arise. In 
the present invention ttds problan is overcome. 

15 In the present invention the long waveguide eventually may act as a cladding for the 
HC waveguide. 

Figure 3 is a top-dovra schematic view of the waveguide arrangement in the mode 
transformer. Referring to Figure 3, the mode transformer has a first waveguide 

20 referred to as the •Tnput waveguide** ^50) whore light is propagated in firam, for 
example an optical fibor, tibrough a microchip facet (300) along a leading distance 
(Ld) ftom (310) to (320). The dimensions of the Input waveguide (350) are selected 
so as to support a fundamental waveguide mode ftat has the same sh2q>e and size as 
the external fiber or waveguide that is to be connected to the microchip substrate. 

25 Figure 4A shows the cross section of the iiq>ut guide, at the location (310) maked by 
a dash line in Figure 3. There is some cross-sectional distance between flie chip facet 
and the start of flie mode transformer High Contrast (HQ waveguide (Ld). Tbis 
distance is arbitrary, but usually made large enou^ to accommodate tiie variation in 
drip dicing acctususy (so that the dicing does not cut into the HC guid 

30 refractive index of the core of the Ii5>iit waveguide (350) is designated as Dj. Tlie 
index surrounding the core can be arbitrary, but must be lower than nj, which is the 
usual condition for waveguiding. This matodal which surrounds the core is called flie 
cladding, and its value can be a function of position. For instance^ the cladding index 
on top of the core might be different than the index that the core rests upon (which 

35 may be file microchip substrate). TTiecladdmgiiidex is designated by the sqro^ 
The dimensions of flie ii^ut vwiveguide (350) are chosen in such a way that the 
fundamental mode of tiie input waveguide (350) matches the fundamental mode of flie 
external fiber/waveguide to be attached. This oasures high coi5)ling efficiency fixnn 
the external fiber to the chip, and is the first step in eventually achieving high 
40 coi5)ling efficiency to the HC waveguide (370). 

There is a second waveguide core imbedded in the Ii^ut waveguide (350) core. This 
waveguide is the Hi£ . ^""Q waveguide (370). This is tiie waveguide tiiat 

conqnises the optical c: : ' • ; - > chip. This second waveguide (370) has a core 
45 index of nHc> which musi. ; aan the index of the hxpvA waveguide (350). That 
is Uhc > Oi- Til© dimensioijts ox umo HC guide (370) are necessarily smaller than fliose 
of file JnpxA waveguide (350). Typically tiie dlimensions are selected to keq) the HC 
waveguide (370) single mode. Ttis singile mode requirement does not qyply to the 
Input waveguide (350). 
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As the li^t propagates finther toward the HC guide (370) into a second portion of the 
mode transformer (320), it is desired to have substantially all of the optical signal in 
the Jjxpxjt waveguide (350) coiq)led into flie smaller HC waveguide (370) . To this end, 
fhe HC waveguide has a tapei transition region that extaads fiom (320) to (330) in 

5 Figures. The details ofthe taper sh25)e determine the coupling effidency. At 

very start of the taper, the width has some value Wo- At the end of tiie tap&c, the width 
is wi, with wi > Wo. wi may or may not be the waveguide width used throu^out flie 
rest of tihe optical circuit. The Imgjh of the taper, extending between flie input width 
Wo and the end width Wu is designated as Lc. The value of the width is varied 

10 throughout the t^per region, and is designated generally as w. The value of tihie width 
w controls the optical power coupling strwigth between the Input waveguide (350) 
and the HC guide (370). 

The Input waveguide (350) siqjports an optical mode that has an effective index of Nd 
15 (ite effective mode index can be calcuhrted by numerous methods, s^ 

Dietrich Marcuse ^Theory of Dielectric Optical Waveguides, 2*^ ed." Academic 
Press, 1991). The HC waveguide (370) supports a mode that has an effective index of 
Ndic , and which is a fimction of width vf. The input t^er width Wo is chosai so fliat 
the HC waveguide is near its cutoff condition (320). (TTie cutoff condition is point 
20 where the waveguide no longo: supports a guided mode, see Dietrich Marcuse 
•Theory of Dielectric Optical Waveguides, 2?^^ ed** Academic Press, 1991). When 
this condition for Wo holds, then as the waveguide width is slowly increased fiom w©, 
optical powCT trads to flow into the HC waveguide (370). Figure 4 (b) shows tibie 
cross section along the dotted line marked (320) m Figure 3 . This cross section is near 
25 the start of the taper. Optical power flow in the direction &om flie Input guide (350). 
to the HC guide (350) is fevored because of two coiqpling mechanisms. The first 
mechanism is mode evolutiorL In this case, the optical power tmds to follow the 
physical path that has flie largest local effective index. As the HC guide width is 
increased, the effective index in the HC region (330) to (340) increases relative to 
30 the effective index of the Input waveguide (350). In this manner, optical power then 
tends to flow into the HC waveguide (370).. This is similar to conventional optical 
focusing or light refiractioiL The second method is synchronous coupling, also referred 
to as phase-matched coi5)ling. Synchronous coiq^liog is the coupling between two 
guided modes that have nearly idrafical effective mdexes ^hase-matdied coiq^ling 
35 between two guides is described in detail in Dietrich Marcuse **Theory of Dielectric 
Optical Waveguides, 2""^ ed.** Academic Press, 1991). In the present scenario, when 
the HC waveguide is near cutoff (320)., its effective index is nearly that of the 
material surrounding the core of the HC waveguide. This surrounding material is in 
fact the core material for the Input waveguide, and its effective index is substantially 
40 similar to its core material index (because tire Input waveguide is not close to its own 
cutoff). Hence, near the cutoff of the HC guide, the effective indexes of tiie HC guide 
(370) and the Input guide (350) are close enough for synchronous coiq)ling to occur, 
hi addition, because the HC guide is imbedded in flie Iqiut waveguide, the coi5)lmg is 
said to be strong. Both coupling mechanisms are preset in this mode transformer, 
45 and are responsible for the short length of tire transformer, and the transformer's 

broadband and polarization insensitive behavior. This mode transformer works over a 
broad range of optical communications wavelengths, including the c-band (152Qnm to 
1570 nm). 
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The widfli of flie taper (fiom wo to Wi) is slowly increased along the direction of 
propagation for most of Ihe taper len^ The taper length Lc is chosen long enough to 
allow complete power transfer between Input guide (350) and HC guide (370). Near 
the ead of the tier , near (330), the HC core widfli is expanded more rapidly. This is 
to ensure fliat power wM<±tcoiq?lesfix)m the Lq^ to the HC guide (370) 

does not couple back into the Iqput waveguide (350). Increasing the HC guide width 
beyond a certain wid& effectively terminates both the mode evolution coupling and 
the synchronous coupling. Taper sh^es that approximate the ideal type of slow 
variation followed by rq)id expansion of the core width, and which are smoothly 
varying, are polynomials whose order is in the range of 2 to 8. Figure 4 (c ) shows the 
cross section along the dashed line marked (33 0) in Figure 3 • This cross section is also 
representative aud synonymous witii of the steady state width of ttie HC guide (370). 

Ctace all of the optical power is transformed into the HC guide (370), the Input guide 
(350) can be terminated (340). In Figure 3, the Input guide is tenninated by 
expanding its boundaries out indefinitely, effectively turning it into a slab waveguide. 
Figure 4 (d) shows the cross section along the dashed line marked (340) in Figure 3 . 
The Input waveguide material with index ni now becomes the conventional cladding 
material for the HC guide. 

Figure 5 is a perspective view of the optical mode transfonner as shown schematically 
mFigures3and4. In Figure 5, the sunx)unding material (500) is in feet the core 
material for the Input waveguide (510), and its effective index is substantially amilar 
to its core material index (because the Jnpnt waveguide is not close to its own cutoff). 
At fte incoming optical power end vfbssro H^t is propagated in &om (500) is a cross- 
sectional tiered open end with widfti wo where tiered e3q)ansion of the Input 
waveguide begins. The transformer is shown as placed on an SiOa on silicon 
substrate (530) of a microchip. 

Figures 6 and 7 are directly &om experimental simulations of a mode transformer 
with specific parameters. The simulations were carried out using commercially 
available rigourous numerical simulation tools (fa this case the simulation tool was 
the Prometheus Beam Propagation Method Package, available fiom Kymata Software 
hic. Enschede, The Netherlands -now part of Alcatel). Figure 6 is a schematic 
diagram that shows the crossectional and top-down views. Figure 6 (a) at line (610) 
corresponds wifli Figure 7 (a) - (71 0), that illustrates the actual experimental results 
whore the input optical fields fix)m tiie fiber matched mode are transformed, in a lens- 
like focusing feshion. For Figure 6 (b) the aoss-section slices or cuts along planes 
diown by dashed lines (620), (630), and (640) correspond to Figures 7(b) to 7(d) - 
(720), (730), and (740) fliat are actual e3q)erimCTLtal microphotographs which indicate 
ttie optical field in various slices or cuts along the planes shown m Figure 6. Figure 
7a and 7b and correspondmg microgn?)hs (710) and (720) are the mode field patterns 
of the fiber-matched mode Icput mode, and the HC mode, respectively. Figures 7c 
and 7d and corresponding micrographs (730) and (740) show how the input fields 
fiom the fiber matched mode are transformed and focused in a lens-like fiishion, into 
the HC modes. 

Figure 8 is a schematic diagram of the top down view of specific taper that was used 
in an exp^imental realization of the preset invention. Here, fiie specific slices or 
cuts of tibie planes (810), (820), (830), and (840) correspond direcfly to Figure 3 



wo 03/044580 



12 



PCT/US02/10416 



sections (310), (320), (330), and (340). In the experiment, the taper has a variable 
•*tip widfli'*, and a also varid>le t^er shape, while the other parameters are indicated 
on the figure as the input guide (850) and the tflper portion (860). The tqper takes on 
a specific polynomial shape betweaa its fixed t^ (Wo) and steady state waveguide 
widths (wi) that were varied during experimentation to optimize the optical mode 
transfonnercharactyeristics by minimzmg any power losses, Here,Wi = 2um,Lc = 
300 um, and the indices ofrefraction were nHC= 1-60, n, =1.54, and nci= 1-00, 
lespenctively. Fabrication stq)s of the actual optical mode transformer device is 
shown in Figure 10. 

Figure 9 is a summary plot of the experimental results of the realized structure of the 
present invention. The plot shows the optical loss of the mode transformer as a 
function of tip width Wo, for various tspex shapes (910), (920), and (930). The shapes 
are the shape of the taper widfli w as a function of propagation distance ftom tiie ixspxA 
to flie fixed output widflL The shapes follow simple polynomials of powers 4, 5, and 
6. In fliis case (910) refos to apolynomial of the 4* order, (920) refas to a 
polynomial oftheS*^ order and (930) refers to apolynomial of tiie 6 order. This 
experiment, and the index values used in tihe experimental design adneved and 
schematically rqpreseoted m Figure 8, correspond to an optical wavelength of 1 .5 5 
jmL For this e^qperimental result, lowest loss, and thus optimal function was achieved 
using a 6* order polynomial shape with an input tip width of approximately 0.55pm. 

Fabrication Steps 

the following semiconductor microchip fibrication steps are well known in ttie art, 
and are very similar to those used m the microelectronics and integrated optics 
fibrication industry. This sample shows the specific steps of one often used 
sequence, but there are many other methods. (See for example, Hiroshi Nishihara, 
Masamitsu Haruna, Toshiald, Suhara, **Optic integrated circuits^ McGraw-Hill, 
1985). Figure 10 illustrates these steps as described below. 

A substrate wafer is chosen as a carrier on which various dielectric layers will be 
deposited or grown. Common substrates include silicon, quartz, and indium 
phosphide. Often, a lower cladding material is deposited or grown on the substrate 
for the purpose of acting as a lower cladding or buflFca: to shield the optical mode 6om 
thesubstrate. A typical buffer layer on sihcon is siUcon dioxide as used in the prese^^ 
invention. The first step in Figure 10, (1000) shows a cross sectionof a wafer with a 
lower clad. 

The core layers of the High Contrast (HQ waveguide is deposited as a thin fihn. 
Common dq)Osition techniques include chemical vapor deposition (CVD), sputtering, 
* 'TOwth, and spin on glasses or polymers. Common materials that form the 
ed silica, silicon, silicon nitride, silicon oxynitride, conq)ound glasses, 
t r s, optical polymers, and quatenuuy conqpounds such as aluminum- 
g^w^ ^senide-phosphide. The amount of material deposited is determined by 
design requirements, and is well controlled in the deposition steps. The second step in 
Figure 10, (1010) shows a cross section of a wafer with a thiu fihn layer of core 
material used for the HC waveguide. In the present uivention, the silicon oxynitride 
with n = 1.60 was utilized. 
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Photoresist (with an n = 1.54 in the experimental portion of tihie present invention) is 
spun onto the wafer, and the optical circuit layout is photogr25)hicaUy patterned faito 
the photoresist The pattern comes from a design mask that is used as a photographic 
plate. The design includes the taper sections. The photoresist pattern is transferred 

5 into the HC layer by standard etching techniques that uses the photoresist as a mask. 
Etching techniques including chemical wet etching or reactive ion etching. After 
pattern transfer, the remaining photoresist is striped away, leaving a ridge or strip of 
HC core material that fiarms&e core oftheHC optical drcm^ The third step in 
Figure 10, (1020) shows a cross section of the wafer after the HC thin film layer has 

10 heesa etched, and the photoresist has bera striped ofil 

Mat«rial for the core of the bspnl waveguide is deposited by similar methods to the 
deposition of the HC layer. The result is a thin fiOhn of liq)ut guide core material over 
the OTtire wafer and over the HC strips. Because the HC strips have a certain non- 
15 zero hei^ there may be some topography over thd ridge area. That js, the top 

surfece of the material just deposited might not be planar over the entire wafer. This 
might be inconsequential. However,if aflat surface is desired, the surfece can be 
planarized by weU known techniques such as polidiiiig. The amount of material 
deposited is deterinined by the design, and typically the design objective f^ 
20 is to match tiie mode dnnensions of tiie external fiber. The fourth step in Figure 10, 
(1030X shows a cross section of the wafer after material to the Iqput waveguide is 
deposited over the entire wafer. 

Similar to step 3, photoresist is spun onto the wafer, and the Jxspnt waveguide is 
25 photographically patterned. The pattern is tcansfenred to the Input wavegmde materia 
by etching the material The photoresist is striped away, and the result is ridg^ 
are now the Jnpat Waveguide^ and buried within die input waveguides are ttie HC 
guides. The fifOi step in Figure 10, (1040), shows a cross section of the wafer after 
inafcerial for the Input waveguide has been etched, and the photoresist has hem 
30 strq>ed. 

FinaUy, cladding inaterial is deposited over the ©trtire wafer. In the final or sixth step 
in Figure 10, (1050), it is shown that for a cross section of the wafer, a top cladding 
layer has been deposited over the entire wafer. 

35 

In this manner, for tiie preset invention, flie onchip HC waveguide can be febricated 
to assure that it has a fundamental mode with a spot size matching tiiat of a SM fiber. 
This fiber waveguide can be single mode (SM) or multimode (MM) with an index of 
refraction that is arbitrary. In the present invention the long waveguide may act as a 
40 cladding for the HC waveguide in the final stqp. 

As will be appreciated by fliose skilled in the art, the present invention and meflr;''?. 
febrication are not limited to tiiose detailed above. 
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What is claimed is: 

1. An optical power mode tra33sfonner that ac^ 

transforaiation direction, said transformer attached to or embedded m a 
semiconductor or dielectric microchip comprismg: 

a first smgle or mnltimode optical input waveguide inchiding a first core 
suiroimded by a cladding; 

and; ^ 

a second high-iiadex contrast grade waveguide including a second core having 
a tampered region and surrounded by said cladding, aportion of said t25)ered 
region of said core being embedded within said first optical input waveguide 
region with an emhedded length suf&dent for efticient li^t transfer fi?om said 
first bxpvX waveguide to said second waveguide, wherem said embedded 
portion of said tsqpered region is My surrounded by said first input 
along an axial and radial cross-section of said second waveguide in said mode 
transformation direction. 

2. The transformer of claim 1, wherdn said tapeied region of said second 
waveguide 

expands in an axial and radial direction along said mode transformation 
direction. 

3. The transformer ofclaiml, wherein at least two coiq>lingmechaii^^ 
present in said mode transformer and are responsible for a relatively short 
overall taper lengtii of said mode transformer and said taper region and 

. thereby effidentiy transferring Ught using said overaH 
transformer; 

said first coiqpling mechanism being a mode evolution mechanism wheapeby 
optical power tends to follow a physi<^patibi that h^s a larg^ l^ 
index; 

and; 

said second mechanism being a synchronous coupling me ch a nism whereby 
said couplmg occurs between two guided modes fliat have nearly identical 
efiTective indexes. 

4. The transformer of claun 1, wherein said at least two coupUng mechanisms are 
effectively terminated beyond a certain waveguide width of said second 
waveguide requiring a taper shape that approximates an initial sli^t width 
expansion along said mode transformation direction followed by a xzpid 
expansion of said core width of said second waveguide. 



5. 



The transformer of clauns 1-4, wherein said tjqper shape is smoothly 
expanding 
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and said taper shape is represented by a higher order polynomial in a range of 
2 to 8 in a plot of an input width of said optical mode transformer versus 
optical propagation length of said transformer. 

6. The transformer of claim 5, wherein said taper diape is more preferably 
represented in a higjher polynomial range of between 4 and 6 in said plot. 

7. The transformer of claim 6, wherein said t^er has an input width of said 
transformer of greater than 0.3 microns and preferably between 0.5 and 0.7 
microns and more preferably between 0.55 and 0.65 microns. 

8. The transformer of claim 1, wherein said transformer works over a broad 
range of optical commumcations wavelengths, including a C-band and L-band 
wavelengflis, said C-band wavelengths consisting of a range of between 
lS20nm and 1570 nm, and Lrband wavel^ogths consisting of a rang^ of 
between 1570 and 1650 nm. 

9. The transformer of claim 1, wherein said cladding comprises one or more 
materials with different refractive indices than those of said first and second 
cores. 

10. The transformer of claim 1, wherdn the index of refiraction of said first core is 
graded in an axial and radial directiort 

11. The transformer of claim 1, wherein the index of refraction of said second core 
is g^4ed along said anal W radial direction. 

12. The transformer of claim 1, wherein the index of refraction of said cladding is 
graded along said radial and axial direction. 

13. The transformer of claim U wherein the index of refi:action changes gradually 
Scorn said first core to said cladding in the axial and radial directioiL 

14. The transformer of claim 1 , wherein the index of refiraction changes gradually 
fixmi said second core to said cladding in the axial and radial direction. 

15. The transformer of claim 1, wherein the index of refiraction changes abruptly 
fiomsaid first core to said cladding in tiie axial and radial direction at a length 
tiiat correspoiids to said tq>er shape in sdd tiqper reg^ 

16. The transformer of claim 1, wherein the index of refraction changes abruptly 
fixHn said second core to said cladding in the axial and radial direction. 

17. The transformer of claim 1, wherein the index of refiraction of said first core is 
relatively lower tiian the index of refraction of said second core. 

18. The transformer of claim 1, wherein the index of refiraction of said first core is 
higher than the index of refiaction of said cladding. 
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19, The temsfomier of claim 1, wherein a propagating optical mode is 

transformed in size shq)e and speed as it propagates between said first core 
and said second core. 

5 20. Thetraiisfonnerofclaim l,wheremapropagatingopticalmodecanpropagate 
bi-directionally between said first and second waveguides. 

21. The transformer of claim 1, wherein said second tapered region provides an 
effective index change to a propagating optical mode. 

10 

22. The transformer of claim 1, wfaerdn said first tapered region mmimizes 
reflection of a propagating mode and focuses said propagating mode into sdd 
second core. 

15 23. The transformer of claim 1, wherein said first tiered region enhances flie 
efficiency of mode transfonnation of a propagating mode. 

24. A conqxMieDtofflie transformer according to claim 1, wherein a length of a 
damped coiq>ling section of said transformer is smaller than or equal to 3 00 

20 microns. 

25. A component of Ihe transformer according to claim 1, ydierein a leagfli a 
mode expansion section ranges fix)m 75 to 500 microns 

25 

26. A component according to claim 1, wherein the width of the said second 
waveguide in a mode egqmnsion section of said t£qper region increases firom a 
vahieof 0.5 to 1.0 microns arid more pr^erablyg7:eater than 1^^ 

30 27. A method of coi5>ling a propagating optical mode between at least two optical 
regions within or on a surface of a semiconductor or dielectric microchip using 
an optical mode transformer comprising; providing a first core of an input 
waveguide with no tq>ered region; providing a second core of a higji contrast 
waveguide having a tapecei region, a portion of said tsqpered region being 

35 embedded within said first core of said waveguide; providing a cladding that 

sioiounds said first and second cores, said cladding conogprising one or more 
TTiatRrialg witfa different refractive indices Ifaan those of said first and second 
cores; and introducing apropagating optical mode into eitiier said fibrst or 
second cores wherein said semiconductor fabrication steps include; 

40 

d^siting core material layers of a high contrast second waveguide as a thin 

filni by conventional means using common core matar.Hl«!. 

andnesct, 

45 spiniiiiig resist onto a wafer region with an appropriate inicn: jically 

pattemed optical transformer with t2qper sections wherein said resist pattern is 
transferred into said second waveguide by standard etching techniques using 
said resist as a mask, leaving a stnp of said second waveguide core material 
after said photoresist has been removed. 
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next, dq)ositiiig core layers of a first input waveguide as a thin film by similar 
or identical means wherein said waveguide core material layers are deposited 
over said entire wafer region and subsequently etched to match mode 
dimensions of an external optical fibor, 

next, patterning said first ixsput waveguide region by lithographic means and 
stripping said resist as for said second waveguide resulting in said second high 
contrast waveguide bemg embedded in said first waveguide andfinally; 

dq)ositing a cladding material over said ^tire wafer regioiL 

28. The method ofclaim 28, wherem said coupling is bi-directi^^ of 
a propagating optical mode between two optical regions. 

29. The mefliod of claim 28 wherem said coupling of a propagating optical mode 
between optical regions wherein said connnon depositing of core materials 
techniques include chemical vq)or depositioning, q)Uttering, qpitaxial 
growing, and sptoning on of glasses or polymers. 

30. The mrfhod of bi-directionally coupling a propagating optical mode 
between optical regions as in claim 29, wherein said common 

depositing of core materials techniques include chemical vapor depositioning, 
sputtering, epitaxial growing, and i^inning on of glasses (m: polymers. 

33. The meflbtodofcotqpHngapropagating optical mode 
between optical regions as in claim 28 wherein said common 
depositing of materials are materials inchiding doped siKca, silicon, silicon 
nitride, silicon oxynitride, compound glasses, spin on glass, optical polymers, 
and quaternary compounds such as ahraunum-gallium-arsenide-phosphide and 
the like. 

34. The method of bi-dnectionally coiq^ling a propagating optical mode 
between optical regions as in claim 29, wherein said common 
depositing of materials are inaterials including doped silica, sihconj silicon 
nitride, silicon oxymtride, conqwund gjasses, spm 

and quatOTiary compounds sudi as aluminum-galliumrarsenide-phosphide and 
thelflke. 
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